Amperometric analysis of indigo carmine at a bare screen-printed electrode placed in an FIA system is reported. This compound is easily detected at a potential of -0.3 V (vs. Ag pseudo-reference electrode) without observing any fouling of the electrode surface, thus allowing the repetitive use of the same electrode in a reproducible manner (coefficients of variation down to 7% for more than 20 consecutive determinations). A linear range of three orders of magnitude and a limit of detection in the sub-micromolar range were attained for this molecule. Based on these studies, indirect amperometric measurements of alkaline phosphatase (ALP) activity in solution were easily carried out using 3-indoxyl phosphate substrate. Its hydrolysis catalyzed by ALP gave rise to indigo product. This product is insoluble in aqueous solutions but it was easily converted into its soluble parent compound, indigo carmine, by addition of fuming sulfuric acid to the reaction media. Using this approach, we achieved a linear range of more than one order of magnitude and a limit of detection of 1 U/l ALP, for an enzymatic reaction time of 60 min.
Introduction
Since the screen-printing microfabrication technology have been applied to the design of electrochemical transducers and complete electrochemical cell assemblies, there has been much development of voltammetric and amperometric devices based on their use. 1 The broad range of materials that can be selected for such construction with this technology has given rise to the mass production of low-cost electrochemical transducers of reduced dimensions, which suit a variety of applications mainly in the environmental, [2] [3] [4] [5] clinical 6, 7 and food [8] [9] [10] fields. Electrochemical biosensors have played an important role as feasible alternatives to other more sophisticated methods for the analysis of a great number of different compounds. However, they have seldom been commercialized so far, one of the main reasons being complications in their manufacture.
The fabrication of screen-printed transducers is considered to be an important breakthrough that could lead to the development of these devices on a commercial scale. 11 Therefore, the scientific community is exerting great efforts in this direction, as is proved by the high amount of papers published during the last few years.
Electrochemical immunosensors and immunoanalytical systems 12 that coupled the advantages of the high selectivity of the antigen-antibody reactions with the sensitivity of the different electrochemical techniques have found widespread application in research laboratories. 13, 14 Some of the affinity devices reported recently made use of screen-printed carbon transducers either in batch 3, 6 or flow 5, 9, 10 systems. Likewise, the use of enzyme labels, i.e. alkaline phosphatase (ALP), 6, 10 peroxidase, 3, 5 or glucose oxidase, 9 as a means of detecting the corresponding affinity interactions has been very successful.
Among the methodologies outlined above, the use of screenprinted electrodes (SPE) placed in a flow system as amperometric detectors for immunoassays has been the subject of this work. In particular, we aim to describe the feasibility of this assembly for the performance of ALP-based affinity assays with 3-indoxyl phosphate substrate . This molecule appeared to be a good alternative to other established ALP substrates, in the sense that its solutions are stable for several days and the resulting product, indigo, can be detected at low potentials under different experimental conditions. 15,16 Indigo's marked hydrophobicity enabled the design of several immunoanalytical devices whose detection scheme was based on its adsorption on the surface of pretreated carbon paste electrodes. 17, 18 On the other hand, indigo is easily converted to its parent hydrosoluble compound, indigo carmine (IC), by addition of fuming sulfuric acid to the reaction media. In this context, IC was detected at a pretreated carbon paste electrode in a flow system by alternating current voltammetry, this being the detection scheme in the development of electrochemical ELISAs for both pneumolysin 19 and interleukin-10. 20 A simplification of the systems proposed in those two works by using SPE strips, a flow injection device and an amperometric detection scheme of indigo is reported in this work. This assembly was first applied to the determination of ALP. A scheme of the whole system is depicted in Fig. 1 . The enzyme was allowed to react with 3-IP in microtiter wells. The corresponding indigo product was detected by conversion to IC with fuming sulfuric acid, further injection of the resulting solution in a flow system and final amperometric reduction at a screen-printed carbon electrode at a suitable potential. The successful indirect amperometric detection of ALP using the 3-IP substrate constitutes a valuable asset for the further development of very simple ALP-based immunoassay devices.
Experimental

Chemicals
Indigo carmine (C. I. 73015, Acid Blue 74, IC), 3-indoxyl phosphate disodium salt (3-IP), Alkaline Phosphatase Type XXIV (ALP, EC 3.1.3.1, from human placenta, specific activity 15 U mg -1 ), bovine serum albumin (fraction V, BSA) and tris(hydroxymethyl)amino methane (Tris) were from Sigma (Spain). All other chemicals were of analytical reagent grade. Ultrapure water obtained with a Milli-R 3 plus/Milli-Q plus 185 purification system from Millipore Ibérica S.A. (Spain) was used throughout this work.
IC is sensitive to light as well as to different oxidizing agents. Thus, 25-ml stock solutions of this molecule (10 -2 M) were freshly prepared in 1 M H2SO4 and kept in an opaque flask. Working dilutions were prepared in the same medium immediately before use. 3-IP solutions were made in 0.1 M Tris-HCl buffer pH 9.8 containing 0.1% (w/v) BSA and 10 mM MgCl2 (TBS), unless otherwise stated. Stock solutions were prepared weekly and were stored refrigerated in an opaque flask. Dilutions were made on the day of use. Alkaline phosphatase was purchased lyophilized and then reconstituted following Sigma protocol. Next, 20 -50 µL aliquots of the resulting solution were measured out and stored at -4˚C. Dilutions were also made in TBS on the day of use.
Apparatus
Voltammetric and amperometric measurements were performed at room temperature with an Autolab PGSTAT 12 (Eco Chemie, Netherlands) potentiostat/galvanostat interfaced to an AMD K-6 300 computer system and controlled by Autolab GPES software version 4.7 for Windows 98.
Screen-printed electrode strips (SPEs), were purchased from AndCare Inc. (Durham, NC, USA), together with an edge connector, and these were used without any previous conditioning. The AndCare sensors incorporate a conventional three-electrode configuration, which comprises a disk-shaped working (4-mm diameter), counter and silver pseudo-reference electrodes printed on polycarbonate substrates (4.5 × 1.5 cm). Both working and counter electrodes were made of heat-cured carbon composite inks. An insulating layer was printed over the electrode system, leaving uncovered a working electrode area of 7 × 5 mm and the electric contacts. A ring-shaped layer further printed around the working area constituted the reservoir of the electrochemical cell, with an actual volume of 50 µl. In this way, 30-µl drops were pipetted over this area when performing voltammetric measurements.
Amperometric flow injection analysis was carried out with a simple system that mainly comprised a Perimax 16-Antipuls peristaltic pump (Spetec GmbH, Germany) together with a manual sample injection valve, Model 1106 (Omnifit Ltd., UK) and a homemade wall-jet flow cell, where the SPEs were placed. The latter included two pieces of methacrylate screwed together; one of those had inlet and outlet flow channels forming an angle of 30˚. The SPEs were fixed in between and were easily connected to the potentiostat through the edge connector. The total cell volume was 50 µl. A 1-ml syringe was used to introduce the samples into the system by filling a loop of 100 µl that was further discharged into the flow stream by means of the injection valve.
ALP determination was performed in immunoassay microtiter wells and also required the use of a MS1 minishaker (IKAWerke GmbH & Co. KG, Germany) with a microtiter adapter, and a Sanyo incubator.
Analytical procedures
Thirty-microliters of either 3-IP or IC solutions in 1 M H2SO4 were cast over the working electrode area to perform voltammetric measurements in a potential window between -0.4 V and +0.8 V (vs. Ag). SPE strips were repeatedly used without any conditioning in a reproducible manner. The amperometric analysis of IC was performed in the flow system described above. A 1 M H2SO4 solution was pumped through the system at a flow rate of 4 ml/min; such a rate was found to be suitable for the sensible and rapid detection of IC. The potential of detection was chosen on the basis of the corresponding hydrodynamic voltammogram. SPEs were replaced daily, even though no fouling of the system was observed along a day of work. All measurements were done at room temperature.
The measurement of the enzyme activity was performed as follows. One hundred microliters of an ALP solution were added to each reaction well and mixed with 100 µL of 3-IP solution (concentration ranged between 0.01 mM and 2 mM). They were then incubated for 1 h (initial non-optimized time) at 30˚C under constant shaking. After that, the reaction was stopped by adding 50 µL of a 0.1 M phosphate solution pH 7.5, leaving the wells at room temperature under shaking for 5 min.
Next, 200 µL of fuming sulfuric acid were added to each reaction solution, with the aim of dissolving the enzymatic product, indigo. Finally, the concentration of the resulting IC in each well was measured by successive injections in the FIA system. The SPE in the flow cell was replaced daily. In order to test the quality of each new SPE strip, two injections of an IC solution of known concentration were carried out. The same test was also carried out in between several ALP assays, with the aim of assuring that no fouling of the electrode surface was taking place. The protocol followed for the detection of the catalytic hydrolysis of 3-IP has been adapted from one previously developed in our lab. Figure 2 displays staircase cyclic voltammograms of both molecules recorded in 1 M H2SO4 solutions at a bare SPE. The IC voltammogram is characterized by a well-defined reversible electrodic signal (Ia/Ic) with E1/2 = -0.13 V vs. Ag, and a more positive oxidation peak (IIa) at Ep,a = +0.53 V vs. Ag. A linear dependence of the square root of the potential scan rate on the peak current recorded was previously found. 21 Such dependence revealed that both are diffusion-controlled processes. Similar voltammetric behavior was observed when indigo was adsorbed and oxidized at pretreated carbon paste electrodes (CPE). 16 3-IP is irreversibly oxidized at nearly the same potential of the IC process IIa (+0.58 V vs. Ag). The same behavior was also reported at CPE. 15 As was previously outlined, no fouling of the electrode surface was observed in these studies, which allowed the repeated use of the same strip by simply washing with ultrapure water following each voltammetric experiment.
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Amperometric determination of IC in the flow system
Based on the results presented in Fig. 3 , the amperometric detection of IC in a flow system could be carried out at two different potential values. The recording of the corresponding hydrodynamic voltammogram showed that its oxidization/reduction begins at a potential above/below +0.5 V/-0.1 V (vs. Ag) and reaches a plateau at +0.8 V/-0.3 V. However, indirect ALP detection could not be carried out at +0.8 V, due to serious interference of the enzyme substrate. The 3-IP voltammogram in Fig. 2 shows that its oxidation takes place in the same potential range as where the oxidation of IC carmine occurs. This signal was recorded in a 10 -4 M substrate solution and the peak current obtained is significantly lower than that measured in an IC solution at the same concentration. But the measurement of the enzyme activity normally required the use of much higher substrate concentrations that would not allow the detection of low concentrations of the resulting product at this positive potential. The recording of the hydrodynamic voltammogram of 3-IP (Fig. 3) clearly demonstrated that this interference was completely avoided at -0.3 V, where the amperometric response of the substrate was negligible even at a concentration range 200-fold higher than that of IC. This low potential is also particularly useful to avoid other interference from electroactive species commonly found in biological matrices.
The repeatability of the amperometric response was measured as the relative standard deviation (RSD) of the peak currents recorded in 21 successive injections of 100 µl of a 10 -5 M IC solution at -0.3 V (vs. Ag). This was 6.6% and the mean peak current recorded was -180 nA. Typical current-time responses of IC at this potential are shown in Fig. 4 .
The influence of the IC concentration on the peak current was studied and a calibration curve was obtained (Table 1) . A linear interval of three orders of magnitude was reached, with an estimated limit of detection of 7.4 × 10 -8 M. Our group previously reported the alternating current voltammetric determination of IC at a pre-anodized carbon paste electrode (CPE) in a flow system. 19 Comparative calibration results are depicted in Table 1 . A similar limit of detection to that reported in this work was achieved, the sensitivity being significantly higher. However, the linear interval is one order of magnitude shorter. On the other hand, IC adhered to the CPE surface; this then required the addition of a cleaning and regeneration step, done by applying an anodic potential, after each measurement. Although this did not imply a high increase of the time of analysis (only 50 s), it adds another step to the general protocol. Moreover, the necessity of 1211 ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 
Amperometric analysis of ALP
Following the protocol described in the experimental section, we could indirectly measure ALP activity towards 3-IP substrate by electrodic reduction of IC at a potential of detection of -0.3 V (vs. Ag). In order to ascertain the best experimental conditions for the analysis of this enzyme, studies of the influence of substrate concentration and reaction time on the rate of IC production and, hence, on the amperometric response were carried out. Peak currents measured after stopping the enzyme reaction and dissolving the product, indigo, as described in the experimental section, were plotted versus substrate concentration (Fig. 5) . The resulting curve exhibits typical Michaelis-Menten kinetics. Data were adapted to a linear graph by a Hanes-Wolf plot (equation: [3-IP]/(-ip) (mM/nA) = 1.1 × 10 -2 [3-IP] (mM) + 2.56 × 10 -4 ; r = 0.9992; n = 6), which enables the calculation of apparent Km and imax values. These parameters were 0.023 mM and -91 nA, respectively. The Km value is in the same range as those for other substrates such as p-nitrophenyl phosphate (0.082 mM), 22 p-aminophenyl phosphate (0.056 mM), 22 phenyl phosphate (0.036 mM), 23 and a phosphate ester of a cobaltocenium derivative (0.048 mM), 24 all calculated from ALP assays in solution. Km values for 3-IP were previously calculated with ALP-labeled immunoglobulins either adsorbed on a carbon paste electrode (0.25 mM) 15 or used as a tracer in voltammetric non-competitive immunoassays developed on microtiter wells (0.13 -0.15 mM). 19, 20 They are between 5-and 10-fold higher than that reported in this work. This behavior is expected since enzyme-labeled biomolecules always exhibit lower activities compared with the same enzymes free in solution and their activity is even lower when they are directly attached to a solid surface.
A 3-IP concentration of 0.5 mM (>20Km) was chosen for the following experiments. Substrate concentrations >10Km ensure that the enzymatic reaction proceeds under saturating substrate conditions and, therefore, that the analytical signal only depends on the ALP concentration. Figure 6 shows the influence of the incubation time on the amperometric response and indicates that maximum peak currents were reached one hour or more later.
The repeatability of the analytical signal was evaluated by doing three consecutive injections of 100 µl of the same solution (5 U/l ALP, 0.5 mM 3-IP, incubation for 1 h at 30˚C). The RSD, calculated for two different experiments, was 1% and 9.1%, with mean peak currents of -97 nA and -110 nA, respectively. Likewise, an estimation of the reproducibility of the assay was done by repeating analogue experiments such as the one above on three different days and using three different screen-printed strips. The RSD was 7.3% and the mean peak current was -109 nA.
Peak current measurements were found to vary linearly with the ALP concentration in a range from 1 to 25 U/l (n = 5, r = 0.9995). The sensitivity was 11 nAU -1 l and the detection limit (concentration yielding a signal three times the standard deviation of the estimate), was 1 U/l ((≅3 × 10 -10 M). amperometric detection of IC at an SPE strip placed in an FIA system enables the rapid, reliable and simple indirect determination of ALP. IC is the parent hydrosoluble compound of the reaction product, indigo. Following the stopping of the enzymatic reaction, IC is formed by addition of fuming sulfuric acid to the reaction media. SPEs did not show any contamination of its surface after successive injections of IC in the flow system, which allowed the use of the same strip in a continuous manner, thus avoiding either the application of cleaning additional steps or the replacement of the electrode system after one experiment. Work is in progress in order to apply this methodology to ELISA assays of clinical interest. ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 
Conclusions
